ABSTRACT: Trout farms are a significant component of the Australian aquaculture industry, but there have been no studies on the ecological impacts of Australian trout farms. I analysed biological monitoring data from 5 trout farms in the Goulburn Valley, Victoria, Australia. Using multivariate ordination and a Bayesian hierarchical model, I compared macroinvertebrate assemblages from upstream of the farms to those downstream, and related upstream−downstream differences in invertebrate assemblage condition to 5 farm-scale indices of disturbance. I found clear, but small, ecological impacts of individual farms (i.e. upstream to downstream differences in invertebrates), with between-farm variation in impacts largely explained by the indices of disturbance. The greatest impacts were seen for farms with high production intensity that utilise a high proportion of stream discharge, export a high relative load of nitrogen to the stream and are in areas of good biological condition. Recent research has explored operational and engineering solutions that reduce the downstream ecological impacts of trout farms. Adoption of such practices may help such farms to minimise impacts on streams.
INTRODUCTION
Rainbow trout Oncorhynchus mykiss Walbaum is a major aquaculture species in Europe, Asia and the Americas (Sindilariu 2007 , Tello et al. 2010 , and there is also a small but important trout farming industry in Australia. Although the Australian freshwater salmonid aquaculture industry is tiny by global standards (1637 t in 2003-04 versus around 400 000 t annually in Europe), it is an important component of regional economies through direct employment and earnings, and also through its stimulation of tourism and recreational fisheries (Gavine et al. 2006) .
The great bulk of rainbow trout aquaculture in the southern Australian state of Victoria is concentrated in the upper tributaries of the Goulburn River. Farms extract water from the waterways and return effluent downstream. Other major extractions (i.e. for irrigated agriculture) occur well downstream of the farms. Salmonid aquaculture is water intensive, often diverting 50% or more of the average daily discharge of the waterways along which farms are located. Overall, the Victorian salmonid aquaculture diverted between 390 and 630 Ml d −1 in 2003. The majority of Victorian farms have wastewater treatment facilities (typically settling ponds or constructed wetlands) to improve the water quality of discharged effluent (Gavine et al. 2006) .
There are concerns that trout farms may have ecological impacts on the rivers from which they draw water and to which they return wastes (Weston et al. 1996 , Tello et al. 2010 . The most important return wastes are faeces and uneaten food (Camargo 1992a , Oberdorff & Porcher 1994 , Loch et al. 1996 . These wastes can lead to eutrophication of waters (reviewed by Hinshaw & Fornshall 2002) , and are discharged as settleable solids that can affect downstream habitat quality in receiving waters (Oberdorff & Porcher 1994 , Rennert 1994 , Loch et al. 1996 , Selong & Helfrich 1998 . Ecological impacts of trout farms have been well researched in Europe, North America and Africa (reviewed by Tello et al. 2010 ), but there have been no equivalent studies in Australia. Impacts studied include those upon water quality (Loch et al. 1996 , Boaventura et al. 1997 , Selong & Helfrich 1998 , Sindilariu et al. 2009 ), microbial assemblages (Carr & Goulder 1990a , Boaventura et al. 1997 , Brown & Goulder 1999 , primary producers (Carr & Goulder 1990b , Selong & Helfrich 1998 , Villanueva et al. 2000 and fish (Rasmussen 1986 , Oberdorff & Porcher 1994 , Selong & Helfrich 1998 . The most widely studied impact is that upon macroinvertebrate assemblages (Camargo 1992b , Brown 1996 , Loch et al. 1996 , Selong & Helfrich 1998 , Kirkagac et al. 2004 , Roberts et al. 2009 , Sindilariu et al. 2009 ).
However, very few of the studies above have attempted to relate ecological impacts to environmental or operating characteristics of the farms. Selong & Helfrich (1998) found periphyton standing crop to be correlated with feed loading rates. Sindilariu et al. (2009) found that significant differences in the macroinvertebrate-based saprobic index were restricted to trout farms with higher production intensities (weight of fish produced per volume of ponds). Oberdorff & Porcher (1994) developed a fish index of biotic integrity specifically designed to detect effects of trout farms in Brittany, France, and then found that impact was positively related to production level.
One possible reason for the lack of studies relating ecological impacts to environmental conditions is that most standard statistical methods are not suited to simultaneously addressing hypotheses at 2 levels (the farm and among farms). Here, I used a hierarchical Bayesian model (Gelman & Hill 2007) to simultaneously assess ecological impacts of individual trout farms, and to relate these to environmental conditions. Hierarchical Bayesian models have great flexibility, and hence can address complex study designs and questions (Clark 2005) like the 2-level question posed here. For a non-technical explanation of the mechanics of Bayesian hierarchical models, see Webb et al. (2010) , while Gelman et al. (2004) provide a more complete mathematical explanation.
Linking ecological impacts of trout farms (or other aquaculture) to their environmental and operating conditions can inform both pure and applied understanding. In terms of basic ecological understanding, such analyses can operate as experiments and improve our understanding of how the stream biota reacts to different kinds of manipulated disturbances. From a practical point of view, improved understanding of the factors mediating impacts of trout farms will facilitate the continued development of operating procedures (MacMillan et al. 2003) and impact abatement technologies (Sindilariu 2007 ) that can reduce such impacts. This paper is the first published study of the ecological impacts of trout farms in Australia. I examined impacts on macroinvertebrate assemblages upstream and downstream of 5 farms in the Goulburn Valley, Victoria. To explore potential causal mechanisms for the observed effects, I related them to 5 farm-scale indices of environmental and operating conditions.
MATERIALS AND METHODS

Area and site characteristics
The Goulburn Catchment is located in south-eastern Australia in the state of Victoria. While the lowland regions of the catchment are heavily developed for agriculture, the upper areas (~30%) of the catchment are still largely forested (Hart et al. 2003) . The Goulburn River is the largest tributary to the River Murray in the state of Victoria, and flows north-west from the Great Dividing Range. The region has a temperate climate, and the upper areas of the catchment average 1650 mm of rainfall annually (BOM 1994) .
The great bulk of Victoria's rainbow trout aquaculture industry is concentrated in the upper tributaries of the Goulburn River (Gavine et al. 2006) . Data were collected from 5 farms in this area as part of a Victorian Department of Primary Industries study designed to investigate the ecological impacts of trout farms. The farms were chosen on the basis that (1) they were operating according to industry best practice guidelines (Gavine et al. 2006) , (2) the selection enabled the identification of individual farm-scale characteristics related to environmental and operating conditions, and (3) they were located in areas of differing stream ecological condition (F. Gavine pers. comm.) . From these data, 5 farm-scale indices of environmental and operating conditions -hereafter referred to as 'indices of disturbance'-were chosen. Each index had a plausible, albeit speculative, hypothesis linking it to any ecological impacts (Table 1) . Along with the values for the indices of disturbance, other selected environmental and operating characteristics of the farms are supplied in were not assumed to be in pristine condition (i.e. they were not reference sites). Each site was sampled 3 or 4 times over a period of 3 to 4 mo designed to coincide with the greatest potential impact of the adjacent trout farm (i.e. during periods of lowest flow). Sampling followed a rapid bioassessment protocol commonly used for environmental condition reporting in Victoria (EPA Victoria 2003) . Briefly, riffle habitats were sampled using the kick sampling method (Storey et al. 1991 ). Samples were collected over 10 m of stream bed, followed by live picking of the sample with the naked eye for 30 min. Invertebrates collected were identified to family level and counted.
Statistical analyses
Multivariate analysis I examined multivariate patterns in the data using non-metric multidimensional scaling (MDS; Kruskal & Wish 1978) . Family-level abundances were square-root transformed to reduce the impact on the analysis of the most abundant taxa. Bray-Curtis similarities (Bray & Curtis 1957) Prod. Int. More intensive production may lead to higher concentrations of waste products in returned effluent. This could be expected to lead to greater effects on macroinvertebrates.
ISC score This is not an index of disturbance per se, and is not directly related to aquaculture, but is an integrative assessment of overall ecological condition. However, it is reasonable to hypothesize that farms located in areas of good condition may have greater impacts. Sensitive families in high-quality (higher ISC score) reaches might be greatly affected by the presence of fish farms. In poorer-quality reaches (lower score), an already depauperate assemblage may be less affected. Index of stream condition (Ladson et al. 1999) , an index of stream health calculated at the reach (~10-40 km) scale that integrates hydro logy, geomorphology, vegetation, water quality and invertebrates the multivariate distance between all pairs of samples. Analyses were conducted using Primer V5 (Clarke & Gorley 2001) .
Univariate analysis
Two dependent variables were used in the univariate analyses of ecological impacts: the biotic index SIGNAL (Chessman 1995) , and the richness of Ephemeroptera, Plecoptera and Trichoptera (EPT) families. SIGNAL assigns ratings from 1 to 10 to macroinvertebrate families found at a site, with 1 indicating a pollution-tolerant family, and 10 indicating a highly pollution-sensitive family. The SIGNAL score of a site is simply the average of the ratings of all the families present at a site. SIGNAL has previously been used successfully to detect fine-scale changes in ecological condition using Bayesian models (Webb & King 2009) . A site in good condition is expected to have a SIGNAL score of 6 or more, while a score of less than 4 indicates probable severe pollution (Chessman 1995) . EPT taxa are generally ac cepted to be sensitive to environmental disturbance (Rosenberg & Resh 1993) , and the taxa richness of this group has previously been employed in studies of the ecological impacts of trout farms (Loch et al. 1996 , Roberts et al. 2009 .
The hierarchical Bayesian model calculated the temporal average of SIGNAL or EPT score -hereafter referred to collectively as 'condition'-at each site, before averaging among upstream (Sites 1 and 2) and downstream (Sites 3 to 5) sites for each farm. It should be noted that all uncertainties (temporal within sites, spatial within upstream and downstream areas) are propagated through the model. The difference between upstream and downstream average condition was then related to each farmscale index of disturbance in separate analyses. More specifically, I formulated the model as follows. Each temporally replicated (k) data point (y ijk ) was modelled as a normally distributed (N) variable, with a mean (μ) for each site (j) within each farm (i), with a common temporal variance (δ 2 T ) across all sites.
Site-level average condition was assumed to be drawn from a distribution of possible site averages either upstream (μ U ) or downstream (μ D ) of the effluent outlet for each farm, with a common longitudinal variance (σ 2 L ) across all farms.
The difference between upstream and downstream condition (δ UD ) is the variable of primary interest and is modelled as a function of the index of disturbance. Because one cannot also simultaneously define δ UD as the difference between μ U and μ D , I instead used
with μ U being assigned a minimally informative prior distribution N(0, 100 2 ) and δ UD being defined as a linear function of each of the indices of disturbance. I also confirmed that the alternate expression of Eq. (3) (μ Ui = μ Di + δ UDi ) made no difference to the results obtained. Because only 5 farms were included in the analysis, commonly used minimally-informative priors for variance parameters at this level of the model (e.g. the inverse Gamma distribution) can have notice able effects on the posterior distributions (Gelman 2006) . I used a half-Cauchy prior distribution to minimise this effect (Gelman 2006) . Namely, δ UD and its associated variance was modelled as
where μ UD is the fitted value of a linear function of the index of disturbance (I) defined with intercept α and slope β, and the terms ζ and η dictate the deviation of individual δ UD values from μ UD . A is the scale parameter of the half-Cauchy distribution and is the median of the prior standard deviation around μ UD . This figure should be set at a level higher than expected for the final estimate (Gelman 2006) . Other prior distributions were assigned as follows: α, βÑ (0, 100 2 ); σ T , σ L~U [0, 100]; and following Gelman (2006) 1/σ 2 η~ Γ(0.5, 0.5), where U and Γ denote the Uniform and Gamma distributions, respectively. The hierarchical structure of the model is illustrated in Fig. 1 .
The Bayesian model was implemented in Win-BUGS 1.4.3 (Lunn et al. 2000) . I used 3 parallel Markov chains for estimation. Each chain was burned in for 10 000 iterations, with a further 50 000 iterations for parameter estimation. The Brooks Gelman Rubin diagnostic (Brooks & Gelman 1998 ) was used to check convergence of the chains. To reduce autocorrelation in the Markov chains, I applied a post hoc thinning of the chains of 1 in 5 values (i.e. 4 out of every 5 values were discarded). These various operations resulted in a total sample size for parameter estimation of 30 000. I used the 'step' function to test the hypotheses that δ UD for each farm was > 0, and also that δ UD was correlated with I (i.e. slope of line β differed from 0), with the effect of each index of disturbance being assessed separately. The WinBUGS code for this model is available in the supplement at www.int-res.com/articles/suppl/q003p023_supp/.
RESULTS
Multivariate analysis
The assemblage level data from 1 farm were very different from all others, resulting in an MDS plot dominated by this difference (not shown). To better visualise between and within-farm patterns, I re-ran the analysis with the data from the outlying farm removed (Fig. 2) .
The stress level of the resulting plot is quite high (0.23), indicating that fine-scale structure of the plot may not be a good representation of the multivariate pattern (Clarke 1993) . However, the broad-scale patterns are quite clear. The plot shows clear separation among the farms, mostly moving from the bottom left to the top right of the plot. It also shows clear differences between upstream and downstream samples, moving from the top left of the plot to the bottom right. This indicates that qualitatively similar differences in condition are occurring between upstream and downstream sites at the different farms. Also noticeable among the farms is a substantial difference in the within-farm variability (e.g. Farm C vs. Farm D), and in the size of the upstream−downstream difference in condition (e.g. Farm A vs. Farm B).
Univariate analysis
There were significant correlations among 3 of the 5 indices of disturbance (Table 3 ). The index of stream condition (ISC) score was positively correlated with average % of discharge extraction of water and nitrogen loading, but these latter 2 variables were not significantly correlated.
The Bayesian models showed strong effects of the individual farms. Each model produced different estimates of the upstream−downstream differences for individual farms (Fig. 3) . Ecological impacts (differences in condition from upstream to downstream, δ UD ) expressed as a function of the farmscale indices of disturbance. Graphs in the left column are those for SIGNAL score data; those in the right column are for Ephemeroptera, Plecoptera and Trichoptera (EPT) taxa counts. Filled circles are the median modelled δ UD values for each farm (marked by letters A−E), with the error bars encompassing the 95% credible interval for the parameter estimate. Crosses are the mean measured upstream to downstream difference in ecological condition. Solid line is the median estimate for the linear function relating δ UD to farm-scale indices of disturbance, with the dashed lines encompassing the 95% credible interval for this line these differences are not only modelled using the data from that farm, but also have the prior estimate of upstream−downstream difference informed by the data from the other farms and the way they are related via the relationship with the index of disturbance (Webb et al. 2010) . The difference between the median modelled value of δ UD and the average observed difference gives an indication of how well the models fit the data (Fig. 3) . The average probability among the different models for each farm provides an ensemble measure of farm-scale impacts. Among farms, there were consistent results for SIGNAL and EPT data, with SIGNAL proving slightly more sensitive in detecting relationships between ecological impacts and indices of disturbance (comparison of probabilities in Table 4 ). Reductions in macroinvertebrate assemblage condition were strongly positively associated with average % of discharge ex tracted from the stream, nitrogen loading, production intensity, and ISC score. There was no evidence of an association between either SIGNAL or EPT and food conversion ratio (Table 4, Fig. 3 ).
DISCUSSION
Ecological impacts of trout farms
The analyses clearly detected impacts of the trout farms on downstream macroinvertebrate assemblages. Findings therefore mirror those from elsewhere in the world (Camargo 1992b , Brown 1996 , Loch et al. 1996 , Selong & Helfrich 1998 , Roberts et al. 2009 , Sindilariu et al. 2009 ). However, it should be noted that these effects were not large. Differences in SIG-NAL scores were no larger than ~0.6, which is close to the background uncertainty inherent in the determination of SIGNAL (Metzeling et al. 2004) . Differences in number of EPT taxa were no larger than ~3, and were generally around 20% of the taxa richness of the upstream site (results not shown). Moreover, the downstream (i.e. most impacted) values for both SIGNAL and EPT scores were above the minimum biological objectives set for this region (SIGNAL ≥ 6.0, EPT ≥ 9; Metzeling et al. 2004) for Farms A to D; and while Farm E fell just short of its regional objective (SIGNAL ≥ 5.5), this was not caused by any effect of the farm itself, as the upstream SIGNAL score also did not meet the objective (results not shown). It should also be remembered that the downstream sites were relatively close to the effluent outfall (maximum of 350 m) where impacts should be maximised. Those sites would not be representative of ecological conditions at larger scales, and indeed previous research has found that the major impacts of trout farm effluent discharges are generally localised to areas hundreds of metres from the outfall (Loch et al. 1996 , Selong & Helfrich 1998 .
I was able to identify statistical associations between reductions in ecological condition and 4 of the 5 farm-scale indices of disturbance. There are also plausible conceptual models for causal linkages between these variables (Table 1) . However, the relationships detected are not necessarily causal. Experimental research would be required to more confidently identify which of the statistical relationships identified in this study are causal linkages.
In terms of pure statistical fit of the models, the relationship of change in ecological condition to nitrogen loading is the most convincing. For this model, median modelled δ UD is close to the measured value for all farms. The intermediate values for nitrogen loading (Farms D, A, C) are also well distributed between the low and high values, providing a 'dose-response' relationship between δ UD and nitrogen loading. The other models lack 1 or more of these characteristics. The model for the ISC score does a poor job of model- Table 4 . Results of basin-scale hypothesis tests, showing the probabilities that upstream−downstream reductions in ecological condition (i.e. ecological impacts) are positively related to the farm-scale indices of disturbance (Table 1) . Parameters are defined in 'Materials and methods'. SIGNAL and EPT denote analyses of SIGNAL scores and Ephemeroptera, Plecoptera and Trichoptera (EPT) taxa counts, respectively ling the δ UD value for Farm D, with the measured value near the lower end of the 95% credible interval of the modelled parameter. The relationship between ecological condition and average % of discharge extracted is caused entirely by the observations for Farms C and E. Finally, there are no intermediate values of production intensity, which means we cannot describe a dose-response relationship between ecological impact and production in tensity (Fig. 3) . Nevertheless, the relationship between magnitude of ecological impact and production intensity of the farms is not only consistent with the postulated conceptual model, it is also consistent with the small amount of previous research that exists on this topic (Selong & Helfrich 1998 , Sindilariu et al. 2009 ). It suggests that reducing production intensity would ameliorate ecological impacts. In contrast, the lack of any relationship between food conversion ratio and ecological impact (the lines of best fit are almost horizontal; Fig. 3 ) suggests that there is no environ mental argument for improving feeding efficiency in these farms.
The colinearity of the ISC score with nitrogen loading and with average % of discharge extracted means that it is more difficult to interpret these effects. The re sults are all consistent with the conceptual models (Table 1) . It is reasonable to expect that assemblages in better condition upstream (high ISC score), and therefore containing sensitive species, would experience greater ecological impacts than assemblages from which sensitive species have already been lost. It is equally reasonable to hypothesize that having a higher proportion of effluent in downstream discharge (average % of discharge extracted) would lead to higher relative loads of settleable solids and higher nutrient levels (nitrogen loading) in receiving waters, and therefore greater impacts upon macroinvertebrates. A greater proportion of discharge is extracted, and higher nitrogen loadings are delivered by farms on smaller streams. The smaller streams are also in better condition at the reach scale (ISC score) than the larger streams ( Table 2) . The current results, therefore, do not allow us to disentangle the separate impacts of these 3 indices of disturbance. The effects could be isolated if one could locate farms where the ISC score was not correlated with either average % of discharge extracted or nitrogen loading, but this may not be possible, especially within a small aquaculture industry like that of Australia.
The ISC score is not fully independent of either SIG-NAL or EPT because macroinvertebrate assemblage condition is 1 component of the overall index. Therefore, I expect to see higher SIGNAL and EPT scores in streams with higher ISC scores. The results for ISC score (Fig. 3) leave open the possibility that fish farms are reducing macroinvertebrate condition to a uniform level, and that the relationship between ISC score and both SIGNAL and EPT is simply a function of a relationship between ISC and upstream values of SIGNAL and EPT. However, this is not the case, and although the assemblages from the highest-quality sites are being more impacted by trout farms, downstream scores still vary greatly among the farms (Fig. 4) .
Production intensity, average % of discharge extracted, nitrogen loading and food conversion ratio can be im proved by changing operating procedures (Mac Millan et al. 2003) , and may also respond to engineering solutions designed to reduce off-farm impacts (Sindilariu 2007) . However, any intrinsic effects of local environment quality (ISC score) cannot be addressed short of decommissioning farms in pristine areas. Unfortunately, such areas often offer and Trichoptera (EPT) taxa counts for the upper and lower panels, respectively, with empty symbols being the downstream averages (both ± SD across sites) for each farm (marked by letters A-E). X-axis is the reach-scale ISC score as used in the univariate analysis. Upstream and downstream averages for the same farm are slightly offset on the x-axis to facilitate comparison the best conditions for rainbow trout aquaculture (Tello et al. 2010) , which is why many farms are found in otherwise undeveloped areas (e.g. Boaventura et al. 1997) . Moreover, recent research has also shown that measurable ecological impacts can still be observed some years after decommissioning farms (Hurd et al. 2008) , reducing the value of such actions.
Analytical techniques
Given the small sizes of ecological impacts noted above, the definitiveness of the results (i.e. most hypothesis test probabilities close to 1.0) appears to be at least partly a function of the chosen metrics of macroinvertebrate condition and the analytical technique used. The 2 metrics quantify different properties of the macroinvertebrate assemblage, with SIG-NAL taking all taxa and their relative sensitivity to disturbance into account, and EPT being a simple taxon count of a portion of the overall assemblage. The different results for Farms D and E for the 2 metrics show the value of testing multiple endpoints, and demonstrate that sensitive families were being lost from these sites, despite the small differences in SIG-NAL score. Overall, the 2 metrics produced highly consistent results (Fig. 3) , which increases confidence in the conclusions. EPT has previously been successfully used to infer effects of trout farms on downstream macroinvertebrate assemblages (Loch et al. 1996 , Roberts et al. 2009 ), and this study shows that SIGNAL is also a sensitive indicator of such impacts.
The initial exploratory MDS, based on the full species abundance matrix, showed clear separation of the upstream and downstream sites, and demonstrated that the same kinds of ecological impacts were being experienced at different farms. However, it also showed that the magnitude of these impacts varied among farms. The hierarchical Bayesian model then allowed formal testing for ecological impacts, while at the same time testing for different plausible relationships between these impacts and indices of disturbance. Although one of the often-cited advantages of Bayesian analysis is the ability to incorporate prior information, little information exists in this case. More important for this analysis was the ability of Bayesian methods to build a flexible model, in this case one that could simultaneously test hypotheses at 2 levels (farm-scale ecological impacts and relationships of these impacts to indices of disturbance). I believe this analytical approach to be a more satisfactory way of testing for such relationships than has been used in past studies of the ecological impacts of trout farms. These have variously involved: visual matching of impacts to production intensity (Sindilariu et al. 2009 ), '2-stage' analysis where the results of a principal components analysis were regressed against production figures (Oberdorff & Porcher 1994) or analysing the results of downstream stations only (Selong & Helfrich 1998) . Furthermore, it would also be possible to use the parameterized Bayesian models to produce quantitative estimates (with uncertainties) of predicted ecological impacts of other farms for which the indices of disturbance were available, or for 'gaming' the likely benefits of changes in management practice (i.e. changes in the indices of disturbance; sensu Webb et al. 2010) .
CONCLUSIONS
I have shown that the farms studied have detectable impacts on downstream macroinvertebrate assemblage condition. However, the impacts detected in this study were not severe. Effects on native fish assemblages (Oberdorff & Porcher 1994) , primary production (Carr & Goulder 1990b ) and microbial processes (Brown & Goulder 1999) are at this time unknown. The clarity with which the analyses detected these impacts appears to be partly due to the sensitivity of the hierarchical Bayesian approach, supporting its use in further similar assessments. Strong relationships of ecological impact with the average percentage of discharge extracted from the river, with the nitrogen loading delivered to the stream and with upstream ecological condition, are confounded and cannot be interpreted with confidence using the current data set. However, an equally strong relationship of ecological impact with production intensity suggests a course of management action to ameliorate impacts.
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